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Abstract

A semi-empirical model to predict ship resistance in level ice based on Lindqvist's model is presented. This model assumes that contact
between the ship and the ice is a case of symmetrical collision, and two contact cases are considered. Submersion force is calculated via
Lindqvist's formula, and the crushing and breaking forces are determined by a concept of energy consideration during ship and ice impact. The
effect of the contact coefficient is analyzed in the ice resistance prediction. To validate this model, the predicted results are compared with model
test data of USCGC Healy and icebreaker Araon, and full-scale data of the icebreaker KV Svalbard. A relatively good agreement is achieved. As
a result, the presented model is recommended for preliminary total resistance prediction in advance of the evaluation of the icebreaking per-
formance of vessels.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Determining ice resistance is more complicated than deter-
mining open water resistance due to the characteristics of ice
properties and icebreaking phenomena. The prediction of ice-
breaking performance and resistance in level ice is a funda-
mental area of research; consequently, many researchers have
focused on shipeice interaction. In order to calculate a ship's
resistance in ice, analytical and empirical approaches have been
proposed. Lindqvist (1989) presented a relatively simple
empirical formula in which the model is a function of the main
particulars of the ship, hull form, ice thickness, ice strength, and
friction. Lindqvist considered a wedged bow shape and divided
ice resistance into three parts: crushing, bending, and submer-
sion. Riska et al. (1997) also studied ice resistance prediction.
Their model can be used for calculating resistance in level ice,

with the empirical coefficients being derived from the full-scale
data of a number of ships in the Baltic Sea. The concept of
energy consideration has also been introduced to estimate the
ice force of a ship. Daley (1999) considered the relationship
between indentation energy and kinetic energy and proposed
various analytical formulas with which to calculate ice colli-
sion forces. This method can predict the ice force for several
geometric cases. Spencer and Jones (2001) investigated
methods of predicting ice resistance and proposed a
component-based ice resistance prediction method, which
assumed that four different resistance force terms occur during
an icebreaking procedure. These forces can be divided into
open-water resistance, buoyancy resistance, clearing resis-
tance, and breaking resistance. This method is used in Canada's
National Research Council Canada-Ocean, Coastal and River
Engineering (NRC-OCRE former NRC-IOT) ice model basin
to determine the ice resistance for various model-scale and full-
scale icebreaking vessels. Recently, numerical approach has
been introduced to evaluate the manoeuvring performance of
ship in ice. In particular, Liu et al. (2006) developed a nu-
merical model to simulate a ship's maneuvering performance in
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ice. Su et al. (2010) proposed a numerical model based on the
Lindqvist's model to calculate the ship motion and resistance in
level ice condition as well. They considered the rudder and
propeller forces, hydrodynamic force and ice force in the ship
resistance calculation. In addition, Aksnes (2010) and Lubbad
and Loset (2011) studied on the ship and ice interaction and
developed a numerical model, respectively.

In this study, a semi-empirical method for ship resistance
prediction in level ice based on Lindqvist's model is intro-
duced and a simplified model is presented. This model as-
sumes that ship and ice contact is a case of symmetrical
collision, and two contact cases are considered. During the
contact between ship and ice, the submersion force is deter-
mined by Lindqvist's formula and the crushing and breaking
forces are determined by a concept of energy consideration.
The accuracy of ice resistance prediction is confirmed by
model test data of the icebreakers Healy and Araon and full-
scale data of the icebreaker KV Svalbard.

2. Ice resistance of a ship

The total resistance in ice is the sum of two components,
such as the open-water resistance and the ice resistance
(ITTC, 2005). In particular, open water resistance is obtained
from the towed model test in calm water, and ice resistance is
obtained from subtracting the open water resistance from the
total resistance in ice. The total resistance in ice can be
determined as:

Rtot ¼ Rice þRow ð1Þ
where Rtot is total resistance in ice, Rice is ice resistance, and
Row is open-water resistance.

To determine the ice resistance, crushing due to ship and
ice contact, breaking and submersion of broken ice pieces after

breaking should be considered. In particular, the breaking
force comprises a large proportion of total resistance in ice;
thus, the breaking component is a significant parameter in the
prediction of ice resistance. Fig. 1 shows crushing, breaking,
and submersion phenomena in the model test. When an
icebreaker model enters an ice sheet, crushing occurs at the
stem and continues to increase at the contact area until
bending failure of the ice sheet. After bending failure, the
broken ice pieces can be rotated and submerged along the ship
bottom, and this cycle is repeated during the icebreaking
procedure.

Ice resistance can be divided into crushing, bending, and
submersion (buoyancy and frictional forces). In particular,
Lindqvist's model assumes that the ice resistance Rice increases
linearly with ship speed, and the empirical constants in the
velocity term are used to calculate the total ice resistance. In
Lindqvist's model, ice resistance depends on the following
variables:

Rice ¼ ffRc; Rb; RsÞ ð2Þ
The failure mode of an ice floe is divided into two alter-

native phases, crushingeshearing and crushingebending, and
is related to the ship and ice contact area. During an ice-
breaking procedure, if the force derived from the contact area
is less than what would cause bending failure of the ice, the
failure mode of the ice floe is composed of the crushing and
the shearing phases, but when the force derived from the
contact area is sufficiently large, bending failure occurs in the
ice floe. After bending failure, broken ice pieces are sub-
merged under the ship's bow and bottom, causing a friction
force against the ship. The calculation of the ship and ice
contact area is an important aspect of this study. Thus, to
determine the projected contact area after impact, the ice floe
is assumed to be level ice and the case of ship and ice contact
regarded as a symmetrical (head-on) collision. This

Fig. 1. Ice breaking phenomena in the model test (Jeong et al., 2014).
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assumption allows two shipeice contact cases to be consid-
ered (see Fig. 2): one for triangular crushing and one for
quadrilateral crushing at the stem (Eqs. (3) and (4)).

Case I (triangular crushing, 0< zn
cos4 � hi)

An ¼ z2n
sin4cos4

1

cosb
ð3Þ

Case II (quadrilateral crushing, zn
cos4> hi)

An ¼ z2ncos4ð2� cos24Þ
sin4

1

cosb
ð4Þ

where zn and hi denote the normal crushing displacement and
ice thickness, and 4 and b (depicted in Fig. 3) denote the stem
angle and frame angle, respectively.

3. Breaking resistance of ice

The breaking resistance of ice is composed of crushing and
bending components. In this model, we propose a modified
formulation based on the energy consideration for calculating
the crushing and breaking components. First, the contact force
according to the ship and ice interaction occurs in the normal
direction. This force, Fn, can be calculated as

Fn ¼ rscAn ð5Þ
where r is the contact coefficient and sc is the compressive
strength of ice.

Herein, the contact coefficient refers to the irregularity of
the full-scale contact area (Lubbad and Loset, 2011). Valanto
(2001) proposed a value of 0.5 for the contact coefficient. This
value significantly influences the results; thus, we considered
the degree of accuracy in determining the contact coefficient
by comparing the predicted results with the model test results

Fig. 2. Ship and ice contact area (Jeong et al., 2013).

Fig. 3. The definition of angle for ship geometry (Riska, 2010).

Table 1

Principal particulars of the icebreaker Healy.

Scale (l ¼ 23.7) Model

Length between perpendiculars (m) 5.10

Maximum beam (m) 1.05

Design waterline (m) 0.36

Stem angle (deg) 32.0

Waterline entrance angle (deg) 24.0

Block Coefficient 0.583

Midship Section Coefficient 0.898

Waterline Area Coefficient 0.818

Displacement (kg) 1240
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obtained from Jones (2005). He conducted ice resistance and
propulsion test of the USCGC Healy in level ice at NRC-
OCRE ice model basin. The model tests were carried out
with a 1:23.7-scaled model of the icebreaker Healy. Table 1
shows the principal particulars of the Healy and Table 2
shows the model test results of USCGC Healy.

The degree of accuracy of the contact coefficient between
the model test results of Jones (2005) and the predicted results
from developed model in this study, which vary with ice
thickness and model ship speed was discussed. In particular,
Table 2 shows the degree of accuracy of the contact coefficient
for various ice thicknesses and model ship speeds. Here, 100%
(ratio) indicates that the predicted result is equal to the result
of the model test. In Table 2, the contact coefficient varies
between 0.6 and 1.0 and has a significant influence on the total
resistance prediction in this model. Herein, there are some
differences in ice conditions, thus Strength number is
considered to define the contact coefficient. The strength
number was discussed by Spencer and Jones (2001) and is
defined as

SN ¼ Vffiffiffiffiffi
sf h

riB

q ð6Þ

where V is the model speed, sf is the flexural strength of ice, h
is the model ice thickness, ri is the density of model ice, and B
is the beam of model ship.

Fig. 4 shows the relation between the Strength number and
the contact coefficient. In Fig. 4, a polynomial curve fitting
method was used to define the contact coefficient for each
Strength number.

For cases I (Eq. (7)) and II (Eq. (8)), the contact forces are
assumed to be as follows:

Fn ¼ rsc

z2n
sin4cos4

1

cosb
ðCase IÞ ð7Þ

Fn ¼ rsc

z2ncos4ð2� cos24Þ
sin4

1

cosb
ðCase IIÞ ð8Þ

Table 2

Degree of accuracy of the contact coefficient for various ice thicknesses and model ship speeds.

Ice thickness (mm) Model ship

speed (m/s)

Flexural strength

of ice (kPa)

Ice density

(kg/m3)

Frictional

coefficient

Ratio (%), Model

test results/predicted

results

Contact

coefficient

SN (Strength number)

27.3 0.200 29.8 822 0.034 100 1.00 6.51

0.801 100 0.69 26.09

1.205 100 0.69 39.25

39.3 0.195 35.0 845 100 0.77 4.95

0.790 100 0.60 20.06

1.190 100 0.66 30.22

75.5 0.043 37.0 856 100 0.85 0.77

0.083 100 0.85 1.48

0.172 100 0.89 3.07

0.269 100 0.79 4.81

Fig. 4. Relation between Strength number and contact coefficient.
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The normal contact force can be divided into two compo-
nents, the vertical component Fz and the horizontal component
Fx (Croasdale, 1980). In the presented model, these force
components are related to the failure criterion of the ice floe
and the ice resistance, respectively.

Fig. 5. Flow chart of the calculation procedure for the presented model.

Table 3

Model test conditions.

Ice thickness (mm) Flexural strength

of ice (kPa)

Ice density

(kg/m3)

29.5 31.5 852

40.1 34.1 844

57.9 36.0 843

Fig. 6. Comparison of predicted data and model test data for the icebreaker Healy.
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Fz ¼ Fnðcos4� msin4Þ ð9Þ

Fx ¼ Fnðsin4þ mcos4Þ ð10Þ
where m is the frictional coefficient.

The deflection phenomena of the ice sheet may be regarded
as a two-dimensional beam problem, thus the ice floe is
assumed to be a semi-infinite beam on an elastic foundation in
this model. The bending failure of the ice floe is related to the
maximum concentrated load per unit width Pmax on the free
edge of this semi-infinite beam. Therefore, the maximum
concentrated load can be expressed by (Hetenyi, 1946)

Pmax ¼ sf

1

1:469

ffiffiffiffiffiffiffiffiffiffiffiffi
rwgh

5
i

E

4

r
ð11Þ

where E is the elastic modulus of ice, rw is the density of
seawater, and g is gravitational acceleration.

To determine the contact force, It is assumed that the ship's
motion had only a small role in the process of icebreaking;
thus, potential energy derived from heave and pitch motions
can be ignored. Then the maximum crushing displacement

based on the relationship between indentation energy and ki-
netic energy was calculated (Eqs. (13) and (14)). In particular,
the kinetic energy is related to the effective mass and the
normal velocity of the ship. The indentation energy was the
integral of the normal contact force on the normal crushing
displacement. A detailed explanation can be found in Daley
(1999).

IEice ¼ KEship/

Z
N

FndzN ¼ 1

2
MeV

2
n ð12Þ

zmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
MeV2

n

cosbsin4cos4

rsc

3

r
ðCase IÞ ð13Þ

zmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
MeV2

n

cosbsin4

rsccos4ð2� cos24Þ
3

s
ðCase IIÞ ð14Þ

Table 4

Calculated total resistance and measured total resistance, and deviation of each

ice thickness.

Ice thickness (mm) Model ship

speed (m/s)

Rpredicted (N) Rmeasured (N) Deviation,

d (%)

29.5 0.099 37.8 43.0 �12.1

0.397 54.6 60.1 �9.1

0.596 67.7 67.5 0.3

0.796 82.9 83.9 �1.2

40.1 0.097 63.9 58.4 9.5

0.39 88.6 87.4 1.4

0.586 106.4 101.3 5.0

0.788 126.6 124.7 1.5

57.9 0.091 118.6 115.0 3.1

0.18 130.8 134.0 �2.4

0.375 157.4 144.0 9.3

0.578 185.7 168.0 10.5

Average deviation, jdj (%) 5.5

Fig. 7. Ice model test for the standard icebreaker model Araon in level ice.

Table 5

Principal particulars of the icebreaker Araon.

Scale (l ¼ 18.667) Model

Length between perpendiculars (m) 5.01

Maximum beam (m) 1.02

Design waterline (m) 0.364

Stem angle (deg) 35.0

Waterline entrance angle (deg) 54.3

Block coefficient 0.603

Midship section coefficient 0.898

Waterline area coefficient 0.923

Displacement (kg) 1142

Table 6

Model test conditions.

Test no. Ice thickness

(mm)

Flexural strength

of ice (kPa)

Ice density (kg/m3)

1 28.7 27.1 868

2 40.3 18.4 870

3 53.2 25.0 852
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where Me and Vn denote the effective mass of the ship and
normal velocity at the impact point, respectively.

In order to define the failure mode of the ice floe in the
presented model, the failure criterion should be determined.
As mentioned previously, this model is based on assuming a
beam on an elastic foundation is subject to a vertical load at
one of its ends. The vertical load causing bending failure is
computed during ship and ice interaction, which yields a
corresponding peak horizontal load. It is related to ship
resistance in ice. In the calculation, if the maximum concen-
trated load Pmax is larger than the vertical force component Fz,
the failure mode of the ice floe is dominantly composed of the
crushing and shearing phases, but when the vertical force
component Fz sufficiently exceeds a maximum concentrated
load Pmax, bending failure occurs. Based on these assumptions,

the breaking force can be determined. In addition, the breaking
resistance is assumed to be proportional to ship speed divided
by the square root of the ice thickness times the gravitational
constant. This assumption is similar to that in Lindqvist's
model. The presented model is implemented in a FORTRAN
program. The flowchart of the calculation procedure is illus-
trated in Fig. 5.

4. Validation of the presented model

a) Model Test of USCGC Healy

In order to confirm the results from the presented model,
predicted total resistance was compared with the total resis-
tance measured in the model test of USCGC Healy (Jones,

Fig. 8. Comparison of predicted data and model test data for the icebreaker Araon.

Fig. 9. Deviation between predicted data and model test data for the icebreaker Araon.
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2005). The principal particulars of the model ship are sum-
marized in Table 1. From the model test results of Jones
(2005), the open water resistance is given in Eq. (15) and
the model test conditions in ice are given in Table 3.

Row ¼ 22:27 V2 þ 0:86 V ð15Þ
where V is the model ship speed.

The total resistance in ice predicted by the presented model
and the model test results are depicted in Fig. 6. The predicted
results from the presented model slightly overestimate the
total resistance for the model test data. The deviation, d was

calculated to examine the uncertainty in the predicted total
resistance results. The accuracy of the predicted results can be
quantified by calculating the deviation as follows:

d¼ Rpredicted �Rmeasured

Rmeasured

� 100% ð16Þ

where Rpredicted and Rmeasured denote the predicted total resis-
tance results from the presented model and the model test in
the ice model basin, respectively. Here, a negative deviation
indicates that the predicted results are less than the results of
the model tests.

Fig. 10. The relationship between ice resistance and ice thickness in comparison with those of other empirical analytical models.
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The calculated deviations are summarized in Table 4. The
deviation at a thick ice was significantly larger than that of a
thin ice. In particular, the average deviations between the
predicted data and the model test data are about 5.5%. These
differences are uncertainties that can be caused by an
assumption of this model, i.e., bow shape and energy con-
siderations in the formulation, but the predicted total resis-
tance results showed relatively good agreement with the
results of the model test data.

b) Model Test of IBRV Araon

The model test for the icebreaker model of the Korea
Research Institute of Ships & Ocean Engineering (KRISO)
was performed in the KRISO ice tank. Towed propulsion tests
were conducted at model ship speeds of 0.238, 0.357, and
0.476 m/s (2, 3, and 4 knots in full scale). Fig. 7 shows the
model test for the icebreaker model Araon in level ice. In the
model test, the rate of revolution can be changed three or four

steps in each test channel to determine the self-propulsion
point. The total resistance in ice can be obtained when the
propeller thrust vanishes based on the linear regression in the
relationship between the towed force and developed propul-
sion thrust. Icebreaker Araon is designed to navigate to the
Arctic and other ice covered areas where she is going to meet
first-year ice. The model was manufactured to the scale of
l ¼ 18.667 and has both azimuth units. The specific dimension
of the icebreaker model and the ice condition of the model test
are presented in Tables 5 and 6. The open water resistance of
icebreaker Araon is given in Eq. (17) as (Jeong et al., 2011):

Row ¼ 13:14 V2 ð17Þ
The total resistance in ice predicted by the presented model

and themodel test results are depicted in Fig. 8, and the deviation
between predicted data and model test data for the icebreaker
Araon is depicted in Fig. 9. In Fig. 8, the predicted results from
the presented model slightly overestimate the total resistance in
ice for the model test data, but the measured and predicted total
resistance in level ice show relatively good agreement. In Fig. 9,
the deviation at high ship speed is shown to be larger than that at
a low ship speed. The average deviation between the predicted
data and the model test data is about 3.1%.

5. Calculation of ship resistance in ice and comparison of
results

Two contact cases are considered in this model. The general
icebreaking phenomena are similar to Case I because of the
ice thickness and the strength of the ice. When the ice thick-
ness is thin and the ice strength is weak or the ship speed is
fast, Case II sometimes occurs during the process of ice-
breaking, but ship and ice contact is mainly of the sort rep-
resented in Case I when ice thickness is thick and the strength

Table 7

The value used for the ice resistance calculation.

Parameters Value Parameters of the KV

Svalbard

Value

Elastic modulus (GPa) 5.40 Displacement (ton) 6375.0

Compressive strength of ice

(MPa)

2.30 Length of the waterline (m) 89.0

Flexural strength of ice

(MPa)

0.55 Length of parallel sides (m) 36.32

Poisson's ratio 0.33 Length of bow section (m) 27.24

Frictional coefficient 0.15 Breadth (m) 19.1

Gravitational acceleration (m/

s2)

9.81 Draught (m) 6.5

Seawater density (kg/m3) 1024.0 Stem angle (deg) 34.0

Ice density (kg/m3) 880.0 Waterline entrance angle

(deg)

35.0

Fig. 11. Comparison of ice resistance for ship speed with other empirical analytical models.
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of the ice is strong. The characteristics of ice resistance for the
variations in ice thickness are depicted in Fig. 10, along with
other empirical analytical models, and the sea ice properties
used and main particulars of the KV Svalbard are summarized
in Table 7. The predicted results from the presented model are
higher than the results from Lindqvist's model and Riska's
model. For example, at 1.0 m thickness and a ship speed of
3.0 m/s, the calculated resistances are 1.34 MN, 1.03 MN, and
1.39 MN for Lindqvist's model, Riska's model, and the pre-
sented model, respectively. If the average ice thickness is
roughly 1.5 m during the arctic summer, the ice resistances
calculated from the three empirical analytical models increase
linearly with ship speed (Fig. 11) and the calculated re-
sistances are about 2.52 MN, 1.90 MN, and 2.71 MN at 3.6 m/
s of ship speed. In particular, the results of the presented model
have about 107.4% and 142.1% load levels at 3.6 m/s for
Lindqvist's model and Riska's model, respectively.

The comparison between the predicted data from this
model and the full-scale data from the field trial is not
straightforward because the speed of icebreaking vessels is
related to the propulsion power of the ship as well as sea ice
properties, such as the thickness, density and strength.
Therefore, the extraction of accurate ice resistance values from
the ice trial data is difficult. Nevertheless, the estimated full-
scale total resistances of the KV Svalbard in the ice trial
were compared with the predicted total resistance derived
from this model for ship speeds of 2.0 m/s and 4.0 m/s. In the
ice trial of the KV Svalbard, the estimated full-scale total
resistance was derived from speed, ice thickness, and power
based on energy conversion. A detailed explanation of the ice
trial conditions can be found in Madsen (2010).

Fig. 12 shows the total resistance for predicted results and
estimated full-scale results. Open water resistance was regar-
ded as a 500 kN. The full-scale data corresponding to the field
trial of March 24, 2007, show fairly good agreement with
predicted data, but those of March 26th show slightly over-
estimated results. Summarizing the above results, the pre-
dicted results of the presented model showed generally good
agreement with the full-scale results, demonstrating that the
presented model yields valid total resistance results. However,
more full-scale results and further studies are needed to verify
the effectiveness of the presented method for comparing
estimated total resistance and calculated total resistance.

6. Conclusions

A simple semi-empirical method for resistance prediction
in level ice based on energy consideration is introduced and
the simplified model is presented. This model can determine
total resistance on a ship during head-on collisions with level
ice and incorporates the crushing, submersion, and breaking
forces associated with ship performance in ice. Full-scale
icebreaking processes are complicated. Accordingly, prac-
tical contact cases are considered in this model. The main
findings of this study are as follows:

1) In calculations, triangular crushing (Case I ) occurs more
frequently than quadrilateral crushing (Case II ) at the
stem due to the ice thickness and the strength of ice.
Nevertheless, quadrilateral crushing (Case II ) sometimes
occurs when the ice thickness is thin or the ship speed is
high on weak ice.

Fig. 12. Comparison of estimated full-scale total resistance and predicted total resistance for the icebreaker KV Svalbard.

622 S.-Y. Jeong et al. / International Journal of Naval Architecture and Ocean Engineering 9 (2017) 613e623



2) The contact force is significantly influenced by the con-
tact coefficient when predicting total resistance in ice.
Thus, the relationship between the Strength number and
the contact coefficient is considered to define the contact
coefficient for each Strength number. The predictions
show good agreement with the model test results in this
study.

3) To validate this model, the predicted results were
compared with the model test data and showed about 3.1%
and 5.5% average deviations between results for the
icebreaker Araon and Healy, respectively. For most of the
sequences, the model test results adequately represented
the predicted results in terms of level ice tests; therefore,
the quantitative similarity of the total resistance for the
model test and prediction is confirmed. It is concluded that
this method is suitable for preliminary total resistance
prediction in advance of the evaluation of icebreaking
performance of vessels.

In future work, further verification on total resistance pre-
diction and consideration of other bow shapes are needed to
improve the degree of accuracy in total resistance prediction.
Correlation analysis between full-scale results with more full-
scale ice trial data and predicted results should be carried out
to verify the effectiveness of the presented method in the full-
scale prediction of ship resistance in ice.
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